We explore how wave-particle interactions affect diffusive shock acceleration (DSA) at astrophysical shocks by performing time-dependent kinetic simulations, in which phenomenological models for magnetic field amplification (MFA), Alfvénic drift, thermal leakage injection, Bohm-like diffusion, and a free escape boundary are implemented. If the injection fraction of cosmic-ray (CR) particles is ξ > 2 × 10 −4 , for the shock parameters relevant for young supernova remnants, DSA is efficient enough to develop a significant shock precursor due to CR feedback, and magnetic field can be amplified up to a factor of 20 via CR streaming instability in the upstream region. If scattering centers drift with Alfvén speed in the amplified magnetic field, the CR energy spectrum can be steepened significantly and the acceleration efficiency is reduced. Nonlinear DSA with self-consistent MFA and Alfvénic drift predicts that the postshock CR pressure saturates roughly at ∼ 10 % of the shock ram pressure for strong shocks with a sonic Mach number ranging 20 ∼ < M s ∼ < 100. Since the amplified magnetic field follows the flow modification in the precursor, the low energy end of the particle spectrum is softened much more than the high energy end. As a result, the concave curvature in the energy spectra does not disappear entirely even with the help of Alfvénic drift. For shocks with a moderate Alfvén Mach number (M A < 10), the accelerated CR spectrum can become as steep as E −2.1 − E −2.3 , which is more consistent with the observed CR spectrum and gamma-ray photon spectrum of several young supernova remnants.
INTRODUCTION
Diffusive shock acceleration (DSA) theory explains how nonthermal particles are produced through their interactions with MHD waves in the converging flows across collisionless shocks in astrophysical plasmas (Bell 1978; Drury 1983; Blandford & Eichler 1987) . Theoretical studies have shown that some suprathermal particles with velocities large enough to swim against the downstream flow can return across the shock and stream upstream, and that streaming motions of high energy particles against the background fluid generate both resonant and nonresonant waves upstream of the shock (Bell 1978; Lucek & Bell 2000; Bell 2004; Riquelme & Spitkovsky 2009; Rogachevskii et al. 2012) . Those waves in turn scatter CR particles and amplify turbulent magnetic fields in the preshock region. These plasma physical processes, i.e., injection of suprathermal particles into the CR population, selfexcitation of MHD waves, and amplification of magnetic fields are all integral parts of DSA (e.g., Malkov & Drury 2001) .
Multi-band observations of nonthermal radio to γ-ray emissions from supernova remnant (SNR) shocks have confirmed the acceleration of CR electrons and protons up to ∼ 100 TeV (e.g., Abdo et al. 2010 Abdo et al. , 2011 Acero et al. 2010 ; Acciari et al. 2011; Giordano et al. 2012 ). Moreover, thin rims of several young SNRs in high-resolution X-ray observations indicate the presence of downstream magnetic fields as strong as a few 100µG, implying efficient magnetic field amplification (MFA) at these shocks (e.g., Parizot et al. 2006; Eriksen et al. 2011; Reynolds et al. 2012) .
The most attractive feature of the DSA theory is the simple prediction of power-law energy spectra of CRs, N (E) ∝ E −(σ+2)/(σ−1) (where σ is the shock compression ratio) in the test particle limit. For strong, adiabatic gas shocks with σ = 4, this gives a power-law index of 2, which is reasonably close to the observed 'universal' index of the CR spectra in many environments. However, nonlinear treatments of DSA predict that at strong shocks there are highly nonlinear back-reactions from CRs to the underlying flow, creating a shock precursor (e.g., Berezhko & Völk 1997; Kang & Jones 2007) . So the particles just above the injection momentum (p inj ) sample mostly the compression across the subshock (σ s ), while those near the highest momentum (p max ) experience the greater, total compression across the entire shock structure (σ t ). This leads to the CR energy spectrum that behaves as N (E) ∝ E −(σs+2)/(σs−1) for p ∼ p inj , but flattens gradually to N (E) ∝ E −(σt+2)/(σt−1) toward p ∼ p max (Kang et al. 2009 ). For example, the power-law index H. KANG becomes 1.5 for σ t = 7.
In contrast to such expectations, however, the GeVTeV γ-ray spectra of several young SNRs seem to require the proton spectrum as steep as N (E) ∝ E −2.3 , if the observed γ-ray photons indeed originate from π 0 decay (Abdo et al. 2010; Giordano et al. 2012) . This is even softer than the test-particle power-law for strong shocks. Moreover, Ave et al. (2009) showed that the spectrum of CR nuclei observed at Earth can be fitted by a single power law of J(E) ∝ E −2.67 below 10 14 eV. Assuming an energy-dependent propagation path length (Λ ∝ E −0.6 ), they suggested that a soft source spectrum, N (E) ∝ E −α with α ∼ 2.3 − 2.4 is preferred by the observed data. These observational data appear to be inconsistent with flat CR spectra predicted by nonlinear DSA model for the SNR origin of Galactic CRs.
It has been suggested that non-linear wave damping and wave dissipation due to ion-neutral collisions may weaken the stochastic scattering on relevant scales, leading to slower acceleration than predicted based on the the so-called Bohm-like diffusion, and escape of the highest energy particles from the shock (e.g. Ptuskin & Zirakashvili 2005; Caprioli et al. 2009 ). These processes may lead to the particle energy spectrum at the highest energy end that is much steeper than predicted by nonlinear DSA. Escape of high energy protons from SNRs is an important yet very complex problem that needs further investigation (Malkov et al. 2011; Drury 2011) .
Recently some serious efforts have been underway to understand at least some of the complex plasma processes through Particle-in-Cell (PIC) and hybrid plasma simulations (e.g. Riquelme & Spitkovsky 2009; Guo et al. 2012; Garaté & Spitkovsky 2012) . However, these types of plasma simulations are too much demanding and too expensive to study the full extent of the DSA problem. So we do not yet understand them in enough detail to make precise quantitative predictions for the injection and acceleration rate and efficiency. Instead, most of kinetic approaches commonly adopt phenomenological models that can emulate more or less self-consistently some of those plasma interactions, for example, the thermal leakage injection, magnetic field amplification, wave-damping and etc (e.g., Berezhko et al. 2009; Kang 2010; Ptuskin et al. 2010; Lee et al. 2012; Caprioli 2012) .
In our previous studies, we considered DSA of CR protons, assuming that magnetic field strength is uniform in space and constant in time without selfconsistent MFA (e.g. Kang & Jones 2007; Kang et al. 2009 ). In the present paper, we explore how the following processes affect the energy spectra of CR protons and electrons accelerated at plane astrophysical shocks: 1) magnetic field amplified by CR streaming instability in the precursor 2) drift of scattering centers with Alfvén speed in the amplified magnetic field, and 3) escape of highest energy particles from the shock. Toward this end we have performed timedependent numerical simulations, in which DSA of CR protons and electrons at strong planar shocks is followed along with electronic synchrotron and inverse Compton (IC) losses. Magnetic field amplification due to resonant waves generated by CR streaming instability is included through an approximate, analytic model suggested by Caprioli (2012) . Escape of highest energy particles near maximum momentum, p max , is included by implementing a free escape boundary (FEB) at a upstream location. As in our previous works (e.g. Kang 2010 Kang , 2011 , a thermal leakage injection model, a Bohm-like diffusion coefficient (κ(p) ∝ p), and a model for wave dissipation and heating of the gas are adopted as well.
In the next section we describe the numerical method and phenomenological models for the plasma interactions in DSA theory, and the model parameters for planar shocks. The simulation results will be discussed in Section 3, followed by a brief summary in Section 4.
DSA MODEL

CRASH Code for DSA
Here we consider the CR acceleration at quasiparallel shocks where the mean background magnetic field lines are parallel to the shock normal. So we solve the standard gasdynamic equations with CR proton pressure terms added in the conservative, Eulerian formulation for one dimensional plane-parallel geometry. The basic gasdynamic equations and details of the CRASH (Cosmic-Ray Amr SHock) code can be found in Kang et al. (2002) and Kang (2011) .
We solve the following diffusion-convection equations for the pitch-angle-averaged phase space distribution function for CR protons, g p = f p p 4 , and for CR electron, g e = f e p 4 (Skilling 1975) :
where y = ln(p/m p c). Here the particle momentum is expressed in units of m p c and so the spatial diffusion coefficient, κ(x, p), has the same form for both protons and electrons. The velocity u w represents the effective relative motion of scattering centers with respect to the bulk flow velocity, u, which will be described in detail in section 2.5. The cooling term b(p) = −dp/dt takes account for electron synchrotron/IC losses, while it is set to be b(p) = 0 for protons. Here the synchrotron/IC cooling constant for electrons is defined as
in cgs units, where e and m e are electron charge and mass, respectively. Here B 2 e = B 2 + B 2 r as the effective magnetic field strength for radiative losses including the energy density of the ambient radiation field. We set B r = 6.5 µG, including the cosmic background and mean Galactic radiation fields (Edmon et al. 2011) .
The dynamical effects of the CR proton pressure are included in the DSA simulations, while the CR electrons are treated as test-particles. In order to include the dynamical effects of amplified magnetic field, the magnetic pressure, P B = B 2 /8π, is added to the momentum conservation equation as follows:
However, our model magnetic field amplification typically results in P B /ρ 0 u 2 s < 0.01 in the precursor, where ρ 0 u 2 s is the shock ram pressure (see Section 2.4).
Thermal Leakage Injection
The injection rate with which suprathermal particles are injected into CRs at the subshock depends in general upon the shock Mach number, field obliquity angle, and strength of Alfvénic turbulence responsible for scattering. In thermal leakage injection models suprathermal particles well into the exponential tail of the postshock Maxwellian distribution leak upstream across a quasi-parallel shock (Malkov & Drury 2001; Kang et al. 2002) . We adopt a simple injection scheme in which the particles above an effective injection momentum p inj cross the shock and get injected to the CR population:
where the injection parameter, ǫ B = B 0 /B ⊥ , is the ratio of the large-scale magnetic field along the shock normal, B 0 , to the amplitude of the postshock MHD wave turbulence, B ⊥ (Kang et al. 2002) . With a larger value of ǫ B (i.e., weaker turbulence), p inj is smaller, which results in a higher injection rate. We consider ǫ B = 0.23 here.
We define the injection efficiency as the fraction of particles that have entered the shock from far upstream and then injected into the CR distribution:
where n 0 is the particle number density far upstream and u s is the shock speed. Since postshock thermal electrons need to be preaccelerated before they can be injected into Fermi process, it is expected that electrons are injected at the shock with a much smaller injection rate, i.e., the CR electron-to-proton ratio is estimated to be small, K e/p ∼ 10 −4 − 10 −2 (Reynolds 2008; Morlino & Caprioli 2012) . Since this ratio is not yet constrained accurately by plasma physics and we do not consider nonthermal emissions from CR particles in this paper, both protons and electrons are injected in the same manner in our simulations (i.e. basically K e/p = 1). But K e/p = 0.1 will be used just for clarity of some figures below.
Bohm-like Diffusion Model
It is assumed that CR particles are resonantly scattered by Alfvén waves, which are excited by CR streaming instability in the upstream region and then advected and compressed in the down stream region (Bell 1978; Lucek & Bell 2000) . So in DSA modeling the Bohm diffusion model, κ B = (1/3)r g v, is commonly used to represent a saturated wave spectrum. We adopt a Bohm-like diffusion coefficient that includes a flattened non-relativistic momentum dependence,
where
0 , and B 0 is the magnetic field strength far upstream expressed in units of microgauss. The local magnetic field strength, B(x), will be described in the next section. Hereafter we use the subscripts '0', '1', and '2' to denote conditions far upstream of the shock, immediately upstream and downstream of the subshock, respectively.
Magnetic Field Amplification
Since the resonant interactions amplify mainly the turbulent magnetic field perpendicular to the shock normal in the quasi-linear limit, it was commonly assumed that the parallel component is B ≈ B 0 , the unperturbed upstream field (Caprioli et al. 2009 ). In a strong MFA case, however, the wave-particle interaction and the CR transport are not yet understood fully. For example, plasma simulations by Riquelme & Spitkovsky (2009) showed that both B /B 0 and B ⊥ /B 0 can increase to ∼ 10 − 30 via Bell's CR current driven instability. Here we follow the prescription for MFA that was formulated by Caprioli (2012) based on the assumption of isotropization of amplified magnetic field.
In the upstream region (x > x s ),
where M A,0 = u s /v A,0 is the Alfvén Mach number for the far upstream Alfvén speed, v A,0 = B 0 / √ 4πρ 0 , and U (x) = [u s − u(x)]/u s is the flow speed in the shock rest frame normalized by the shock speed. The factor (1 − ω H ) is introduced to take account of the loss of magnetic energy due to wave dissipation, which will be discussed in Section 2.5. Obviously, ω H = 0 means no dissipation, while ω H = 1 means complete dissipation of waves (i.e., no MFA). Here ω H = 0.1 will be considered as a fiducial case, since we are interested in the case where the effects of MFA and ensuing wave drift are the greatest.
This MFA model predicts no amplification in the test-particle regime, where the flow structure is not modified (i.e., U (x) = 1). In the case of "moderately modified" shocks, for example, if U 1 ≈ 0.8 and ω H = 0.1, the amplified magnetic field strength scales as B 1 /B 0 ≈ 0.11M A,0 . So for M A,0 ≈ 150, the preshock amplification factor could become B 1 /B 0 ≈ 17. On the other hand, the ratio of the magnetic pressure to the shock ram pressure becomes
. So we expect that even the amplified field is not dynamically important in the precursor.
The magnetic filed strength immediately upstream of the subshock, B 1 , is estimated by Equation (7) and assumed to be completely turbulent. Moreover, assuming that the two perpendicular components are simply compressed across the subshock, the immediate postshock field strength can be estimated by
So for the case with ρ 2 /ρ 1 ≈ 4.2, B 2 /B 1 ≈ 3.5. Then we assume in the downstream region the field strength scales with the gas density:
We note the MFA model described in Equations (7)- (9) is used also for the diffusion coefficient model given in Equation (6). Hence the maximum momentum p max is controlled by the degree of MFA as well.
Alfvénic Drift
The resonant waves generated by CR streaming instability will drift with respect to the underlying flow and also transfer energy to the gas through dissipation (e.g. Skilling 1975; Jones 1993) . These two effects influence the accelerated particle spectrum and the DSA efficiency as follows. The scattering by Alfvén waves tends to isotropize the CR distribution in the wave frame rather than in the gas frame (Bell 1978) , which reduces the velocity difference between upstream and downstream scattering centers, compared to that of the bulk flow. The resulting CR spectrum becomes softer than estimated without considering the wave drift.
The mean drift speed of scattering centers is commonly set to be the Alfvén speed, i.e., u w,1 (x) = +v A = +B / √ 4πρ, pointing away from the shock, where B is the local magnetic field strength parallel to the shock normal. As described in Equation (7) here we assume that both B and B ⊥ are amplified and isotropized, so scattering centers drift with Alfvén speed in the local amplified magnetic field. In order to take account of the uncertainty regarding this issue, we model the local Aflvén speed as
where the parameter f A is a free parameter (Zirakashvili & Ptuskin 2008; Lee et al. 2012) . If scattering centers drift along the amplified field (f A = 1), the Alfvénic drift will have the maximum effects. Here we will consider the models with f A = 0.5 − 1.0 (see Table 1 ).
In the postshock region the Alfvénic turbulence is probably relatively balanced, so the wave drift can be ignored, that is, u w,2 ≈ 0 (Jones 1993). On the other hand, if the scattering centers drift away from the shock in both upstream and downstream regions, the accelerated particle spectrum could be softened drastically (e.g. Zirakashvili & Ptuskin 2008 ). We will consider one model (H2d) in which u w,2 ≈ −v A is adopted in the downstream of the shock (see Table 1 ).
As mentioned in the Introduction, the CR spectrum develops a concave curvature when the preshock flow is modified by the CR pressure. If we include the Alfvénic drift only in the upstream flow, the slope of the momentum distribution function, q = −∂ ln f /∂ ln p, can be estimated as
for p ∼ p inj , and
is Alfvénic Mach number immediately upstream of the subshock. As can be seen in these equations, a significant steepening will occur only if M A ∼ < 10 (Caprioli 2012).
According to the MFA prescription given in Equation (7), the amplification factor depends on the precursor modification, that is, the ratio B(x)/B 0 is unity far upstream and increases through the precursor toward the subshock. So the Afvénic drift speed is highest immediately upstream of the subshock, while it is the same as the unperturbed Alfvén speed, v A,0 at the far upstream region (M A,1 ≪ M A,0 ). Thus the Alfvénic drift is expected to steepen preferentially the lower energy end of the CR spectrum, since the lowest energy particles diffuse mostly near the subshock. For the highest energy particles, which diffuse over the distance of ∼ κ(p p,max )/u s , however, the Alfévnic drift does not steepenthe CR spectrum significantly, if M A,0 ≫ 1.
Wave Dissipation and Particle Escape
As discussed in the Introduction, non-linear wave damping and dissipation due to ion-neutral collisions may weaken the stochastic scattering, leading to slower acceleration and escape of highest energy particles from the shock. These processes are not understood quantitatively well, so we adopt a simple model in which waves are dissipated locally as heat in the precursor. Then gas heating term in the upstream region is prescribed as
where P c is the CR pressure (Jones 1993) . The parameter ω H is introduced to control the degree of wave dissipation and a fiducial value of ω H = 0.1 is assumed. As shown previously in SNR simulations (e.g. Berezhko & Völk 1997; Kang & Jones 2006) , this precursor heating reduces the subshock Mach number thereby reducing the DSA efficiency. For larger values of ω H , the magnetic field amplification is suppressed (see Equation (7)), which also reduces the maximum momentum of protons and so the DSA efficiency. In addition, we implement a free escape boundary (FEB) at a upstream location by setting f (x FEB , p) = 0 at x FEB = 0.1R s = 0.3pc (here the shock is located at x s = 0). This FEB condition can mimic the escape of the highest energy particles with the diffusion length, κ(p)/u s ∼ > x FEB . For typical supernova remnant shocks, this FEB leads to the size-limited maximum momentum,
As can be seen in Section 3, the CR proton spectrum and the shock structure approach to time-asymptotic states, if this FEB is employed (Kang et al. 2009 ).
On the other hand, the maximum electron momentum can be estimated by 
which is derived from the equilibrium condition that the DSA momentum gains per cycle are equal to the synchrotron/IC losses per cycle (Kang 2011) . The electron spectrum at the shock position, f e (x s , p), cuts off exponentially at ∼ p e,max .
On the other hand, the postshock electron spectrum cuts off at a progressively lower momentum downstream from the shock due to the energy losses. That results in the steepening of the volume integrated electron energy spectrum, F e (p) = f e (x, p)dx, by one power of the momentum (Kang et al. 2012) . At the shock age t, the break momentum can be estimated from the condition t = p/b(p): , (16) which depends only on the postshock magnetic field strength and the shock age (Kang 2011).
Planar Shock Parameters
We consider planar shocks with u s = 1000 − 4500 km s −1 , propagating into a uniform ISM magnetized with B 0 = 5 µG. The model parameters are summarized in Table 1 . Previous studies have shown that the shock sonic Mach number is one of the key parameter governing the evolution and the DSA efficiency Table 1 for other model parameters and normalization constants. In the bottom right panel the upper curves are for the proton spectra, while the lower curves are for the electron spectra. Note that both Gp/t and Ge/t are given in arbitrary units and K e/p = 0.1 is adopted here for clarity. , so the Alfvénic Mach number is M A,0 = u s /v A,0 = 164 √ n H u 3000 . We consider W1a, H1a, H2a, H3a and H4a models as fiducial cases with canonical values of model parameters: f A = 1.0 and ω H = 0.1. In models H1b, H2b, H3b and H4b, Alfvénic drift is turned off (u w,1 = 0) for comparison. But we note that these models are not self-consistent with our MFA model, which assumes that Alfven waves propagate along the amplified magnetic field. In H1c model, MFA is reduced by setting f A = 0.5 and ω H = 0.5 . Model H2d is chosen to see the effects of Alfvénic drift in the postshock region.
The physical quantities are normalized in the numerical code and in the plots below by the following characteristic values: u n = u s , x n = R s = 3 pc, t n = x n /u n = (978 yr)u 3000 , κ n = u n x n , ρ n = (2.34 × 10 −24 g cm −3 ) · n H , and P n = ρ n u 2 n = (2.11 × 10 −7 erg cm −3 ) · n H u 2 3000 .
DSA SIMULATION RESULTS
Figures 1-3 show the spatial profiles of the model magnetic field, CR pressure, gas density, and the volume integrated distribution functions of protons (G p = g p (x, p)dx) and electrons (G e = g e (x, p)dx) for H1a and H1b (M A,0 = 164), H2a and H2b (M A,0 = 16.4), and H3a and Hb (M A,0 = 5.46) models, respectively. In these simulations, the highest level of refinement is l g,max = 8 and the factor of each refinement is two, so the ratio of the finest grid spacing to the base grid spacing is ∆x 8 /∆x 0 = 1/256 (Kang et al. 2002) . Since  Figures 1-3 show the flow structure on the base grid, the precursor profile may appear to be resolved rather poorly here. More accurate values of the precursor den- sity compression (ρ 1 ) and magnetic field amplification (B 1 ) can be found in Figure 4 below. Also note that the FEB is located at x FEB = 0.3pc and we use K e/p = 0.1 here in order to show the proton and electron spectra together.
These figures demonstrate that 1) the shock structure reaches the time-asymptotic state and evolves in a self-similar fashion for t/t n ∼ > 0.1 (Kang & Jones 2007) . 2) Also the proton spectrum approaches the steady state for t/t n ∼ > 0.5 due to the FEB, while the electron spectrum continues to cool down in the downstream region. 3) Magnetic field is amplified by a greater factor for a higher M A,0 . 4) Alfvénic drift steepens the CR spectrum, and reduces the CR acceleration efficiency and flow modification by CR feedback, resulting in lesser MFA. 5) At low energies the CR spectra are much steeper than the test-particle power-law due to the velocity profile and magnetic field structure in the precursor.
In H1a model with Alfvénic drift (solid lines), the gas density immediately upstream of the subshock increases to ρ 1 /ρ 0 ≈ 1.2, while the total compression ratio becomes ρ 2 /ρ 0 ≈ 4.5. So the flow structure is moderately modified by the CR pressure feedback: U 1 ≈ 0.9 and P c,2 /ρ 0 u 2 s ≈ 0.12. Since the Alfvén Mach number is high (M A,0 = 164), the self-amplified magnetic field strength, based on the model in equation (7), increases to B 1 ≈ 100µG, which results in the immediate postshock fields of B 2 ≈ 350µG. Compared to the model without Alfvénic drift (H1b, dotted lines), the CR distribution functions are softer. Although Alfvénic drift steepens the distribution function in H1a model, G p (p) still exhibits a significant concave curvature and it is slightly flatter than the test-particle power-law (E −2 ) at the highest energy end. This is because M A,0 = 164 is too large to induce the significant enough softening for p ∼ p p,max (see Equation (12)). Note that p p,max is lower in H1a model than that in H1b model, because of weaker MFA.
The structures of the integrated electron spectra are complex for p ∼ < p e,max . As shown in Equation (16), the volume integrated electron energy spectrum steepens by one power of the momentum due to radiative cooling. One can see that the break momentum, p br (t), shifts to lower momenta in time. The peak near p e,max comes from the electron population in the upstream region, which cools much less efficiently due to weaker magnetic field there (Edmon et al. 2011 ). Since MFA is much stronger in H1b model, compared to H1a model, the electron spectrum cools down to lower momentum in the downstream region.
Comparing H2a/b in Figure 2 with H1a/b in Figure 2 , one can see that the degree of shock modification is similar in the these models. Because of a lower gas density (n H = 0.01 cm −3 ) in H2a/b models, the Alfvén Mach number is smaller (M A,0 = 16.4) and so MFA is much less efficient, compared to H1a/b models. In H2a model the amplified preshock field increases to only B 1 ≈ 10 µG, while the postshock field reaches B 2 ≈ 35 µG. Because of much weaker magnetic field, compared to H1a/b model, the electron spectra are affected much less by radiative cooling.
Since H3a/b models in Figure 3 have a lower sonic Mach Number (M s = 6.7), the flow structures are almost test-particle like with B 1 ≈ B 0 , ρ 2 /ρ 0 ≈ 4, and P c,2 /ρ 0 u 2 s ≈ 0.05 − 0.13. So the CR acceleration, flow modification, and MFA are all less efficient, compared to H1a/b and H2a/b models. In H3a model, especially, the CR spectra are as steep as E −2.1 − E −2.3 and electrons do not suffer significant cooling. Figure 4 shows how various shock properties change in time for different models: the CR injection fraction, postshock CR pressure, density compression factors and magnetic field strengths. As discussed above, the magnetic field amplification is more efficient in the According to previous studies, nonlinear DSA without self-consistent MFA and Alfvénic drift predicts that the DSA efficiency depends strongly on the sonic Mach number M s and the CR pressure asymptotes to P c,2 /ρ 0 u 2 s ∼ 0.5 for M s ∼ > 20. (Kang & Jones 2007; Kang et al. 2009) . However, Figure 4 shows that in the models with MFA and Alfvénic drift the CR acceleration and MFA are reduced in such a manner that the DSA efficiency saturates roughly at P c,2 /ρ 0 u 2 s ∼ 0.1 for 20 ∼ < M s ∼ < 100. We can see that models with a wide range of sonic Mach number, i.e. W1a(M s = 100), H4a (M s = 30), H2a and H1a (M s = 20), all have similar results: ρ 2 /ρ 0 ≈ 4.5, and P c,2 /ρ 0 u 2 s ≈ 0.1. Figures 5 and 6 show the volume-integrated distribution function, G p (p)/(n 0 u s t), for protons and, G e (p)/(n 0 u s t), for electrons, respectively, for different models. Again the proton spectrum approaches to the steady state for t/t n ∼ > 0.5, when p p,max (t) satisfies the condition, κ(p p,max )/u s ∼ x FEB . We note that for W1b model only the curve at t/t n = 0.1 is shown, because the simulation was terminated when the sub- Fig. 4 .-Time evolution of the injection efficiency, ξ, postshock CR pressure, Pc,2, the gas density ρ1 (ρ2) immediately upstream (downstream) of the subshock, and magnetic field strengths, B1 and B2, in different models: H1a (black solid lines), H1b (red dotted), H1c (blue dashed), W1a (green dot-dashed) in the left column, and H2a (black solid lines), H2b (red dotted), H3a (blue dashed), H4a (green dot-dashed) in the right column. Note H1b and H2b models are shown for comparison, but B1 and B2 for those models are not included in the bottom panels.
shock disappears because of very efficient DSA. These figures demonstrate that the CR spectra is steepened by Alfvénic drift, especially at lower energies, and that the degree of softening is greater for smaller M A,0 . In H2d model, in which the downstream drift is included (u w,2 = −v A ) in addition to the upstream drift, the CR spectra are steepened drastically.
In the volume-integrated electron spectrum, the lowenergy break corresponds to the momentum at which the electronic synchrotron/IC loss time equals the shock age. In the models with stronger magnetic field (e.g., H1a and W1a models), this spectral break occurs at a lower p e,br , and the separate peak around p e,max composed of the upstream population becomes more prominent.
SUMMARY
Using the kinetic simulations of diffusive shock acceleration at planar shocks, we have calculated the timedependent evolution of the CR proton and electron spectra for the shock parameters relevant for typical young supernova remnants. In order to explore how various wave-particle interactions affect the DSA process, we adopted the following phenomenological models: 1) magnetic field amplification (MFA) induced by CR streaming instability in the precursor, 2) drift of scattering centers with Alfvén speed in the amplified magnetic field, 3) particle injection at the subshock via thermal leakage injection, 4) Bohm-like diffusion coefficient, 5) wave dissipation and heating of the gas, and 6) escape of highest energy particles through a free escape Table 1 for model parameters.
boundary.
The MFA model assumes that the amplified magnetic field is isotropized by a variety of turbulent processes and so the Alfvén speed is determined by the local amplified magnetic field rather than the background field (Caprioli 2012) . This model predicts the magnetic field amplification factor scales with the upstream Alfvénic Mach number as B 1 /B 0 ∝ M A,0 , and also increases with the strength of the shock precursor (see Equation (7)).
Moreover, we assume that self-generated MHD waves drift away from the shock with respect to the background flow, leading to smaller velocity jumps that particles experience scattering across the shock. The ensuing CR distribution function becomes steeper than that calculated without Alfvénic drift, so the CR injection/acceleration efficiencies and the flow modification due to CR feed back are reduced.
The expected power-law slope depends on the Alfvénic Mach number as given in . With our MFA model that depends on the precursor modification, the upstream Alfvénic drift affects lower energy particles more strongly, steepening the low energy end of the spectrum more than the high energy end. Hence, for M A,0 ∼ > 10, the CR spectra still retain the concave curvature and they can be slightly flatter than E −2 at the high energy end. For weaker shocks with M s = 6.7 and M A,0 = 5.5 (H3a model), on the other hand, the Alfvénic drift effects are more substantial, so the energy spectrum becomes as steep as N (E) ∝ E −2.1 − E −2.3 . We can explain how MFA and Alfvénic drift regulate the DSA as follows. As CR particles stream upstream of the shock, magnetic field is amplified and Alfvén speed in the local B(x) increases in the precursor. Then scattering centers drift with enhanced v A , the CR spectrum is steepened and the CR acceleration efficiency is reduced, which in turn restrict the growth of the precursor (see also Caprioli 2012) . So the flow modification due to the CR pressure is only moderate with ρ 2 /ρ 0 ≈ 4.5. As a result, the DSA efficiency saturates roughly at P c,2 /ρ 0 u 2 s ∼ 0.1 for 20 ∼ < M s ∼ < 100. For M s = 20 shocks with u s = 3000 km s −1 , for example, in the models with Alfvénic drift (H1a and H2a), the CR injection fraction is reduced from ξ ∼ 2 × 10 −3 to ∼ 2 × 10 −4 , while the CR pressure decreases from P c,2 /ρ 0 u 2 s ∼ 0.25 to ∼ 0.12, compared to the model without Alfvénic drift (H1b and H2b) (see Figure 4) . This study demonstrates that detailed nonlinear treatments of wave-particle interactions govern the CR injection/acceleration efficiencies and the spectra of CR protons and electrons. Thus it is crucial to understand in a quantitative way how plasma interactions amplify magnetic field and affect the transportation of waves in the shock precursor through detailed plasma simulations such as PIC and hybrid simulations. Moreover, the time-dependent behaviors of self-amplified magnetic field and CR injection as well as particle escape will determine the spectra of the highest energy particles accelerated at astrophysical shocks. We will present elsewhere the results from more comprehensive DSA simulations for a wide range of sonic and Alfvén Mach numbers.
